Measuring positive selection on DNA sequences between species is key to testing the neutral theory of molecular evolution. Here, we compare the two most commonly used tests that rely on very different assumptions. The MK test 1 compares divergence and polymorphism data, while the PAML test 2,3 analyzes multi-species divergence. The two tests are now forced to detect positive selection on the same phylogenetic branch in Drosophila and Arabidopsis using large-scale genomic data. When applied to individual coding genes, both MK and PAML identify >100 adaptively evolving genes but the two sets hardly overlap. To rule out high false negatives, we merge 20 -30 genes into "supergenes", 8% -56% of which yield adaptive signals. Nevertheless, the joint calls still do not overlap. The two tests do show very modest concordance at lower stringencies. There may be several possibilities for the discordance between the two major tests. 1) Selective advantage is weak, falling in the "nearly neutral" range 4 ; 2) The adaptive landscape shifts constantly, akin to the Red Queen landscape 5 ; 3) Positive selection which accelerates the evolution is confounded by the relaxation of negative selection, resulting in less deceleration. Whether the neutral theory should be rejected depends on which of these factors prevails.
Introduction
Detecting adaptive evolution in DNA sequences is one of the central tasks of molecular evolutionary studies. In the neutral theory 6 , such signals are believed to be too infrequent to cause significant deviations from the neutral prediction. Methods have been continually developed to detect positive selection and to test the neutral theory 2, 3, [7] [8] [9] [10] [11] [12] [13] . Indeed, the neutral theory may have been declared dead at least as often as new methods have been proposed 11, 12, [14] [15] [16] [17] . Such methods fall into two broad classes. One class attempts to detect positive selection that operates within populations 7, 8, 10, 14, 18 . The other class focuses on positive selection that operates in the longer term, i.e., the divergence between species 1, 12, 15, [19] [20] [21] [22] [23] [24] . Methods of either class may use data of both polymorphism and divergence 1, 10, 12, 15, [21] [22] [23] [24] . The rejection of the neutral theory should be multi-faceted. Positive selection signals could be abundant between species but undetectable within populations, or vice versa. Either complete or partial rejection of the neutral theory can be informative about the forces driving molecular evolution 4, 25, 26 .
In this study, we focus on the between-species tests that examine the evolutionary rates in coding regions. In such tests, one compares the number of non-synonymous changes per non-synonymous site (Ka or dN) vs. the per site synonymous changes (Ks or dS). The Ka/Ks (or dN/dS) ratio would deviate from 1 if nonsynonymous substitutions are under stronger selection than synonymous changes. In the absence of selection, R = Ka/Ks ~ 1, which has been the hallmark of neutral evolution 4, [25] [26] [27] [28] . In species comparisons, genome-wide R ranges mainly between 0.05 -0.25 [28] [29] [30] [31] [32] , thus indicating the prevalence of negative selection. When R > 1, positive selection is evident. Nevertheless, R > 1 is too stringent a criterion as it requires positive selection to overwhelm negative selection. Indeed, few genes in any genome comparison have R's significantly greater than 1 4, 24, 33, 34 .
The two prevailing methods that relax the requirement for R > 1 in detecting positive selection are the MK (McDonald-Kreitman) 12 and the PAML (Phylogenetic analysis by maximum likelihood) 2, 3 tests. A few studies that employ the two tests generally use one test to complement the other, for example, by using PAML to identify candidate genes and MK to estimate the amount of selection [34] [35] [36] [37] [38] [39] . This may be the first study that forces the two tests to infer positive selection on the same set of genes and along the same phylogenetic branch. The concurrent application of the two key tests is important because each test relies on a different set of assumptions, neither of which can be easily verified (see below). The purpose of this comparative study is hence to examine these underlying assumptions and to cross-validate the conclusions.
Theoretical background
While Ka and Ks are the cornerstones for detecting natural selection, they can only inform about either positive or negative selection, but not both. This is because Ka/Ks is the joint outcome of the two opposing forces:
Eq. (1) where p and q are the proportion of advantageous and deleterious mutations, respectively 25, 26, 40 . Also, f (N, s) = (1 -e -2s )/ (1 -e -2Ns ) is the fixation probability of a mutation with a selective coefficient of s where s can be > 0 (denoted by s1) or < 0 (s2) and N is the effective population size. For example, if Ka/Ks = 0.2, then the null hypothesis is the neutrality of q = 0.8, p = 0 and f (N, s2) = 0 (i.e., no fixation of deleterious mutations). The alternative hypothesis would be adaptive evolution with p > 0 and f (N, s1) > 0 (i.e., fixation of advantageous mutations).
To tease apart positive and negative selection, one often uses DNA sequences from several species, some of which should have polymorphism data. For this study, the data are from Drosophila and Arabidopsis, as shown in Fig. 1 . The hypothesis testing for positive selection by the MK test is done on a particular phylogenetic lineage, such as the ones marked by the red line ( Fig. 1) . The Ka and Ks values in the red-line lineage are contrasted with the corresponding polymorphisms (pA and pS) in the blue triangle. The value of pA and pS denotes, respectively, the level of nonsynonymous and synonymous polymorphism (per site) within a species. The rationale of the MK test is that p ~ 0 in the polymorphism data thanks to the rapidity with which advantageous mutations are fixed. Thus, Eq. (1) becomes pA/pS ~ (1 -q) + qε Eq. (2) where ε represents the amount of deleterious polymorphism and should be a very small number. In short, the MK test estimates q from Eq. (2) first and then extracts p from Eq. (1).
There are, however, several difficulties in interpreting the MK test results. First, the strength of negative selection is estimated from the recent evolutionary history (the blue triangle in Fig. 1 ), whereas positive selection is inferred from a different lineage (the red line). As pointed out before, an increase in the effective size of the extant population would lead to the under-estimation of pA/pS and, thus, an over-estimation of positive selection 15, 19 . Second, the estimation of negative selection is not as straightforward. The pA/pS ratio would decrease as the variant frequency increases and may increase again when the mutant frequency approaches 1 13, 15, 22, 41 . Both patterns can be seen in Drosophila (Fig. 1c ). In Arabidopsis (Fig. 1d ), the pattern is similar at the low frequency end, but not at high frequencies. Given the complex patterns, accurate estimation of negative selection is not straightforward in the MK test 1, 12, 15, [19] [20] [21] [22] [23] [24] . In Methods, the estimation of negative selection is described in detail. Third, the MK test is strictly applicable only to sites that share the same genealogy. In the presence of recombination, in particular when unlinked loci are used, biases could be non-trivial, making corrections necessary 22, 23 .
The other widely used approach to the estimation of adaptive mutations is the PAML method 2,3 . PAML compares the substitution numbers across many lineages to identify positively (or negatively) selected genes on the assumption that unusually high (or low) numbers could be indicative of selection. There are three sub-models, two of which, the site model and the branch-site model, are used here. In the site model, sites are compared for an increase or decrease in non-synonymous substitutions in the entire phylogeny 2,3 . The null model is usually rejected using the likelihood ratio test 42 . In the branchsite model, sites of a pre-selected branch (the foreground) are compared with other sites on all branches as well as the same sites on other branches (the background).
Despite the very different approaches, the MK and PAML tests can be used to answer the same question -How much adaptive evolution has operated on the chosen genes in a given branch (e.g., the red-line branch of Fig. 1a and 1b) ? Because the MK test is about positive selection along the red line, it does not offer any information about selection elsewhere in the phylogeny. Therefore, it may be comparable with either of the two sub-models of PAML. First, if the MK results are interpreted to mean the general adaptiveness of a gene, then the gene may also be adaptive along other branches. In that case, the proper comparison would be with the site model of PAML. Alternatively, if the adaptation is specific to the genes on a specific branch, then the branch-site model of PAML would be a more suitable comparison. We will present the site model results in the main text and the branch-site model results in the Supplement. The two sets of comparisons yield qualitatively similar results although the site model appears to be statistically more robust.
Results

Part I -Identifying adaptive genes with high stringency
We first determine the distribution of the P value among individual genes. For the MK test, the P value is obtained from the Fisher's exact test on the contingency table. For the PAML test, the likelihood ratio test was used to obtain the P value. In Fig. 2 , the distributions of the P value are shown in the four panels for the two taxa and two tests. The distribution is concentrated above P > 0.8 (the MK test for Drosophila) or above P > 0.9 (the other panels). This concentration means that a very large percentage of genes are uninformative, partly because each gene may experience too few changes to be statistically informative. Furthermore, the null model does not fully incorporate factors that can affect the test. For example, the polymorphism data may not reflect the complete removal of deleterious mutations and the strength of negative selection is often under-estimated 15, 21, 22 . Fig. 1 suggests that, even if all genes evolve neutrally, far fewer than 5% of them would be detected as adaptive at the 5% cutoff. We therefore compare the observed P values of the MK and PAML tests against each other, rather than against the null model. In each panel of Fig. 2 , one line represents the test results on all genes and the other is on genes that have been pre-filtered through the other test. In Fig. 2a-2b , genes pre-filtered through PAML have smaller P values in the MK test, as shown in the leftward shift. The same is true in Fig. 2c-2d where the pre-filtering by MK reduces the P values by the PAML test. The two tests are indeed correlated, but perhaps only weakly. This is also true in Fig. S1 , where the branch-site model of PAML is used.
We now enumerate the overlaps between the two tests by comparing the candidate adaptive genes with P < 0.05. Given the P value distributions of Fig. 2 , these genes are merely the most likely candidates by each test. Hence, significant overlaps would be mutual corroborations. For the "individual genes" analysis in Drosophila, we identified 186 from 5425 genes by the MK test and 145 genes by PAML, corresponding to 3.43% and 2.67% of the genome (see Table 1 ). The overlap of these two sets has only 9 genes. Although the observed overlap is significantly higher than the expected 4.97 (P < 0.01, Fisher's exact test), the overlap is too small to be biologically meaningful. The same pattern is true for Arabidopsis, in which 145 and 505 genes are called by these two tests, respectively, but only 14 genes are called by both tests. Again, the observed overlap is significantly higher than the expected at 5.55 (P < 0.01) but the actual overlap is minimal. A simple explanation for the non-overlap is high false negatives. In other words, each test may have detected only a small fraction of the adaptive genes.
The analysis of supergenes and their component genes
False negatives should be common in individual genes with few substitutions. To overcome the statistical limitations, we create artificial "supergenes" by merging 20 -30 genes into a longer sequence. They are either concatenations of neighboring genes (i.e., by physical location) or genes of the same ontology (by function). The merger would reduce false negatives with the risk of diluting the true adaptive signals. We now present the results based on the concatenations of neighboring genes in Table 1 . The results based on the merger by gene ontology are similar (See Table S1 ). In Drosophila and Arabidopsis, 200 and 500 supergenes are created respectively.
For the MK test, gene merger would create biases as pointed out before 22 . When the level of polymorphism is negatively correlated with the rate of nonsynonymous divergence across loci, false positives would be common in the merger. Hence, we use the modified MK test to infer positive selection in merged genes. In Drosophila, 112 of the 200 super genes are significant at the 5% level by the MK test and 36 of the 200 are significant by PAML ( Table 1 ). The two tests detect far more adaptive supergenes than individual genes -56% and 18% by MK and PAML respectively. What is perplexing is that the overlaps are random (10.0% observed vs. the expected 10.1%) as if the two tests are completely uncorrelated. In Arabidopsis, 8.2% of the 500 supergenes are significant by the MK test at the 5% level and, by the PAML test, 25.6% of supergenes are. In Arabidopsis, the PAML test detects many more adaptive supergenes than the MK test, in the opposite direction of Drosophila. However, the overlap is also random with 2.0% observed vis-à -vis the expected 2.1%. In both taxa, the two tests appear uncorrelated at the level of supergenes.
Because gene merger might dilute the adaptive signal by mixing a few adaptively evolving genes with many other non-adaptive genes, we examine the component genes within each adaptive supergene. In Drosophila, the 112 significant supergenes by the MK test contain 3132 component genes (Table  1) , among which 158 genes are significant when tested individually. The corresponding numbers by the PAML test are 60 out of 1040 component genes. Between the two subsets of genes (3132 and 1040, respectively), 619 genes overlap and only 3 genes are significant by both tests. The 0.48% overlap of component genes is slightly higher than the expected 0.29%. The observations in Arabidopsis are given in the last row of Table 1. The overlap in component genes is also very low, at 2 of the 258 genes, or 0.78%. Clearly, the MK and PAML tests are uncorrelated by the standard statistical criteria, which are relaxed in the next section. In Table S2 , the comparable analyses using the branch-site model of PAML yield results similar to those of Table 1 .
Part II -Identifying weakly adaptive genes with low stringency
We note in Fig. 2 that genes yielding a P value of 0.25 by either test may be moderately informative about positive selection. Therefore, when carrying out the MK and PAML tests simultaneously, we set the cutoff in each test at P < 0.224. By doing so, the expected overlap would be 0.224 2 = 5% if the two tests are completely uncorrelated. The results by the relaxed stringency are given in Table 2 .
For Drosophila, 824 and 353 genes are now called, respectively, by the MK and PAML tests at P < 0.224. These two sets have an overlap of 91 genes whereas the expected overlap is 53.6 (P < 10 -6 by Fisher's exact test). For Arabidopsis, the two tests yield 1014 and 1172 genes with an overlap of 119 genes, significantly higher than the expected number of 91.6 (P < 0.0025, Fisher's exact test). Hence, the joint call of adaptive genes accounts for 10.1% (119/1172) to 25.8% (91/353) of the call by a single test. A gene identified by one test as adaptive has a 10% -25% chance of being called adaptive by the other.
While the overlap between the two tests is at most modest, the performance of one test conditional on the pre-screen by the other indeed suggests some concordance. We first compare A1, the average number of adaptive sites per gene called by the MK test. In the A1 row of Drosophila in Table 2 The procedure is now applied in the reverse direction by pre-screening the genes with the MK test before subjecting them to the PAML test. In PAML, the number of adaptive sites per gene can be calculated in two ways, A2 and A2' in Table 2 43, 44 ; see Methods). Since the purpose is to compare PAML with MK, we use the A2 numbers, which are closer to A1 from the MK test. The qualitative conclusion, nevertheless, is not affected much by either estimate. In the A2 row of Drosophila in Table  2 , A2 increases 5.71 to 10.93 (without vs. with the pre-screen by MK) and 9.27 to 14.65 (PAML vs.
[PAML + MK]). The same trend is observed in the A2 row of Arabidopsis ( Again, a pre-screen by MK helps the performance of PAML.
While we use the site model of PAML above, the results are similar when the branch-site model is used (see Table S3 ). It is clear that the MK and PAML tests are correlated but the correlation is weak. In other words, when one test detects a strong adaptive signal in a gene, the other test would often find a signal in the same gene, albeit a much weaker one.
Discussion
To detect adaptive signals in DNA sequences, different statistical tests make various assumptions, most of which cannot be easily verified. The low concordance between methods demands that we scrutinize these assumptions. Two categories of explanations are considered.
One category is methodological. The simplest explanation is that both tests have high false negatives and miss a large fraction of adaptive genes. However, when the tests are applied to supergenes, the overlap is still no higher than random occurrences. Since the revised test yields an adaptive signal in up to 56% of supergenes, false negatives could not possibly be high. Alternatively, either (but not both) test may have a very high false-positive rate and the overlap would be essentially random noises. This is not a satisfactory explanation because the two tests seem comparable in performance. When PAML is done on genes selected by the MK test, the subset of genes yield much stronger signals than the full set. This is also true when the MK test is done on PAML-selected genes. Overall, both tests have at least some merits in detecting adaptive evolution and the low concordance cannot be solely attributed to methodological reasons.
The other category is biological. First, the discordance may be a consequence of the "nearly neutral" evolution proposed by Ohta (1992) 4 . While near-neutrality is often used to indicate "slightly deleterious" variants, Ohta (1992) 4 and Ohta and Gillespie (1996) 25 have suggested that advantageous mutations may often be nearly neutral as well. When the selective strength is very small, slight variations in the analyses are likely to yield discordant results bordering on random noises. In this sense, this explanation is also about high false negatives, but the reason is biological, rather than methodological.
A second possibility is a shifting adaptive landscape. In an unchanging landscape, a species would climb up the adaptive peak and stay there by fending off deleterious mutations. Once a species is on the adaptive peak, molecular evolution would consist mainly of neutral changes while deleterious mutations are purged. In this view, adaptive molecular evolution should be infrequent and, importantly, the search for adaptive signals could not have been based on the supposition of an unchanging fitness landscape. (Why would one search for something that is believed to be nearly non-existent?) In an alternative view, adaptive evolution is ongoing and most species are continually evolving toward the fitness peak, which may be shifting like a sand dune. In this Red Queen landscape 5, 45, 46 , different genes are evolving adaptively at different times.
Neither explanation above, however, is entirely satisfactory. In the nearly-neutral theory, one might expect the stronger signals from the supergenes to overlap somewhat between the MK and PAML tests but they do not overlap at all. Also, if the fitness landscape is shifting, then both positive and negative selective pressure would be changing from time to time. Using the same argument, the third explanation below would be more parsimonious as it is based on simpler and known mechanisms.
The third explanation is the relaxation of negative selection. Positive selection is inferred when there is a speed-up in the rate of molecular evolution, relative to some background references. In the MK test, the reference is the polymorphism, and in the PAML test, the reference is the larger phylogeny (or other genes in the larger phylogeny). It is generally assumed that negative selection stays constant between the focus lineage and the references. If negative selection is not constant (for example, if the effective population size fluctuates), then the inferred adaptive signals could simply be the result of the relaxation of negative selection. In other words, less negative selection could often speed up the molecular evolution as much as positive selection could.
In the search for the signals of positive selection, we have not paid sufficient attention to the operation of negative selection that enforces evolutionary constraint. Unlike positive selection, negative selection follows some simple and nearly universal rules and can be more confidently measured 47 . At present, adaptive signals in DNA sequences are not distinguished from signals of relaxed negative selection. The discordance between the MK and PAML tests seems to reflect that uncertainty.
Methods
DNA sequence data
Pre-aligned unique Drosophila transcript sequences were downloaded from Flybase (r6.16, http://flybase.org). We collected 8560 FASTA alignments of five species (D. melanogaster, D. simulans, D. sechellia, D. yakuba, and D. erecta, Fig. 1a ). Genome-wide D. melanogaster polymorphism data were obtained from the Drosophila Population Genomics Project Phase 48 . Genes with high divergence rates, apparently caused by misalignment, were discarded. Only genes with more than 40 codons and 10 samples of polymorphism data were used. The final dataset contains 5245 genes with an average of 50 samples of polymorphism data.
The DNA sequences of A. thaliana and A. lyrata were obtained from the Phytozome database 49 . Genome-wide A. thaliana polymorphism data were obtained from the 1001 Genomes Project 50 . We also obtained DNA sequences from Capsella grandiflora, C. rubella, and Boechera stricta (Fig. 1b) for analyses using the PAML program 3 . We began with 14953 alignments of the five species and then filtered the data as we did for Drosophila. Only genes with more than 300 samples of polymorphism data were collected. The final dataset consists of 12975 genes.
Supergene construction
To overcome statistical limitations, we created artificial supergenes by merging genes into longer sequences. We used two concatenation approaches: by physical location and by ontology. The first method involved merging 20 to 30 nearby genes residing on the same chromosome. This resulted in 200 Drosophila and 500 Arabidopsis supergenes. To apply the ontology approach, we first identified GO (gene ontology) term(s) for each gene. To ensure that every gene was present in only one supergene, we sorted GO terms by the number of genes they comprised and checked the component genes in each supergene. If a gene was previously included in a set, it was not merged again. GO terms with fewer than eight genes in Drosophila and 10 in Arabidopsis were discarded. The final set comprised 184 Drosophila and 454 Arabidopsis supergenes.
The McDonald-Kreitman (MK) test
Let A and S be the number of nonsynonymous and synonymous changes per gene (or per genome). In Fig. 1c-1d , A/S ratio is given for the number of polymorphic changes at a defined frequency range. (The frequencies were inferred by the free-ratio model of the CODEML program) 2,3 . The A/S ratio becomes lower when the mutant frequency becomes higher. Apparently, the A/S ratio at the low frequency range is boosted by deleterious mutations that have not been removed by negative selection. To avoid the confounding effect of negative selection in the MK test, we only used common mutations with derived allele frequencies >0.2, as is done previously 22, 51 . Note that the A/S ratio reaches a steady level at around 0.2 in Fig. 1c-1d . Now, we let A and S designate the total number of common polymorphic mutations (frequency > 0.2) in the MK test. The corresponding numbers of changes between species are designated A' and S'. These four numbers are gathered in a 2×2 contingency table. Fractions of amino acid substitutions which are adaptive (α) can be estimated as α = 1 -(S' A) / (A' S). We used Fisher's exact test on 2×2 contingency tables to estimate statistical significance 52 . Shapiro et al. pointed out the possibility of false positives when the MK test is applied across genes and proposed a procedure to correct the bias. This correction, as well as an alternative method 23 , is implemented in our calculations.
Ideally, the A and S numbers in polymorphism should reflect only the neutral level of variation. However, it can be seen in Fig. 1c-1d that A often includes deleterious mutations in low frequency and, perhaps, advantageous mutations in high frequency 10, 20, 22, 41 . The inclusion of both kinds of mutations would bias the polymorphic A/S ratio upward, hence reducing the excess of A'/S' over A/S and compromising the power of the MK test. Various solutions have been proposed 15, [21] [22] [23] to more accurately measure the polymorphic A's. These methods are mostly ad hoc in nature. Sawyer and Hartl 1 propose a more approach to this problem by directly estimating the intensities of negative selection. While the theory outpaced the data at that time, the approach is feasible now given the large amount of polymorphism data.
If the distribution of the strength of negative selection is known 1 , the neutral A/S ratio as reflected in the polymorphism can be accurately estimated. While the estimation of positive selection is indeed different from the conventional numbers, the MK results obtained by various procedures do show the same qualitative pattern of limited overlap with the PAML test. The overall patterns suggest that the discordance between the MK and PAML tests is biological, rather than technical, as presented in Discussion.
The PAML test
We used both the site model and the branch-site model in PAML. The site model, allowing the ω ratio (dN/dS) to vary among sites (codons or amino acids in protein), detected positive selection across the five chosen species. A likelihood ratio test (LRT) was used to compare the alternative model M2a (selection model allowing an additional category of positively selected sites with ω>1 by setting: model = 0, NSsites = 2, fix_omega = 0, omega = 2) with the null model M1a (neutral model allowing only two categories of sites with ω<1 and ω=1 by setting: model = 0, NSsites = 1, fix_omega = 0, omega = 2). Significance was determined using the χ 2 (df = 2) test.
The branch-site model, allowing dN/dS to vary both among sites and across lineages, was used to detect positive selection along specified branches. We compared the likelihood of the alternative model A (positive selection, model = 2, NSsites = 2, fix_omega = 0), to the null model A1 (model = 2, NSsites = 2, fix_omega = 1, omega = 1). D. melanogaster and A. thaliana were designated as the foreground branches for the test. Significance was calculated using LRT as above. The site model results are presented in the text and the branch-site results are given in the Supplement.
In the analysis of both models, we also employed Bayes empirical Bayes (BEB) 53 estimates, which is available for calculating the posterior probabilities for site classes and can be used to identify sites under positive selection if the likelihood ratio test is significant. The MK test uses the polymorphism (indicated by the blue triangle) for reference. The references for PAML are described in Methods. c and d, The A/S ratio as a function of the mutant frequency in D. melanogaster and A. thaliana, where A is non-synonymous, and S is synonymous polymorphism. The dashed line, separating low and high frequency bins, is placed where the A/S ratio reaches a steady level. Open bars on the right are, respectively, A/S ratios for all bins and for high-frequency bins. The divergence A/S ratio is shown as the red bar.
Figure 2. P value distributions of the MK and PAML test. a and b, P values of the MK test for
Drosophila and Arabidopsis. The distribution for all genes is shown in red and the distribution for genes pre-filtered by the PAML test is shown in blue. c and d, P values of the PAML test. These two panels are the mirror images of panels (a-b) with MK and PAML switched.
